Electrospinning technique has been successfully used to produce composite nanofibers combining magnetic nanoparticles with polymer matrices. Process conditions to assembly nanofibers in tubular systems, as well as their morphological and elastomagnetic properties, have been explored. A volume percentage of magnetic charge close to 30% has been achieved. The optimization of the fabrication method ensures that the particles are completely covered by a thin polymer shell, so safe-guarding bio-compatibility. In particular, the deformation induced by the direct elastomagnetic effect, applying a static or a pulsed magnetic field, has been investigated. Resultant devices exhibit good elastomagnetic stretchability at room temperature-longitudinal relative strain/exciting field ~4·10 -3 /(1.5·10 4 A/m) -, thus suggesting their potential use for applications in biomedical field as magneto-active components, as well as sensors and actuators.
Introduction
In recent years, the growing development of both electrospinning technique and polymeric materials has significantly increased the production of hybrid, or simply composite, electrospun nanofibers embedding organic and/or inorganic fillers in order to improve their functionality for biomedical or microelectronic applications [1] [2] [3] [4] [5] [6] . In particular, magnetically functionalized nanofibers (MFNs), namely polymer based fibers incorporating magnetic nanoparticles (MNPs), are attracting increasing interest due to their potential use in micro-electro-mechanical devices, magnetic recording, ferrofluids, sensors, microwave absorption [7] [8] [9] [10] [11] and biomedical applications -i.e. bone repair [12] [13] [14] , tissue engineering [15, 16] , magnetic hyperthermia [17] , contrast agent and imaging techniques [18] [19] [20] , controlled drug release [21] and drug delivery [22] .
Despite many synthesis and fabrication methods have already been used to fabricate nanofibers, electrospinning may be currently considered as the simplest, low cost and highly feasible technology to fabricate composite nanofibers with high resolution and high production rate [23, 24] . First of all, electrospun magnetic fibers exhibit remarkable properties in terms of large specific surface area and small diameter (50-500 nm) due to the high stretching of magnetically functionalized polymer solutions under the application of electrostatic forces. In MFNs fabrication, polyacrylonitrile (PAN), polystyrene (PS) or polyimide (PI) have been commonly used as polymer matrix, while iron, iron oxide, cobalt, nickel, LiCoO 2 , NiCo 2 O 4 , NiFe 2 O 4 , Fe-FeO core-shell nano particles as magnetic fillers [11, [24] [25] [26] [27] [28] [29] [30] [31] thermal and optical response [32] [33] [34] [35] [36] , but only partial studies about the relationships between elasticity and magnetization in similar systems have been performed [37] . On the other hand, recent studies are confirming the relevance of elastic and magnetic properties coupling for the development of new multifunctional nanocomposite materials to be used as sensors and actuators [38] [39] [40] . Therefore, the main purposes of this investigation are: (i) to optimize the fabrication of magnetic composite nanofibers in order to develop three-dimensional devices with improved direct elastomagnetic coupling; (ii) to perform a quantitative study of their elastomagnetic performance. In detail, the optimized electrospinning process to fabricate Polycarbonate-urethanes (PCU) nanofibers tubes, including Nickel (Ni) nanoparticles, has been assessed by accurate control of local interface formed between magnetic particles and polymer matrix. After a preliminary study of the morphological properties of single fiber units and nanofiber 3D-systems, main features of MFNs tubular samples in terms of direct elastomagnetic response have been investigated by providing experimental evaluation of strain induced by a static or dynamic magnetic field. The unique attitude of elastomagnetic MFN tubes to present reversible strain or even to oscillate under pulsed magnetic field, suggests their potential use as micro-conduits for innovative biomedical applications as stone eliminating urinary stents or antithrombus vascular grafts.
2. Materials and methods 2.1. Nickel-polyurethane based fibers PCU are catalyzing strong interest for their biomedical use, due to recognized superior biocompatibility and attractive mechanical properties (high elongation capacity, good abrasion resistance, high flexibility, and good biocompatibility for short-term usage under wet conditions) [41, 42] . In addition to the ability to withstand harsh environments due to their strong intermolecular bonds, it is possible also to repair their vulnerability to biodegradation and hydrolysis by adding polycarbonate polyol [43] , thus making them suitable for the fabrication of implantable devices (i.e. vascular grafts, bone articular joint components) [44] . Herein, PCU electrospun fibers have been optimized by customizing the electrospinning setup in order to develop nanostructured tubes.
Ni nanoparticles were chosen as filler on the basis of the following points: (i) size ranging from 20 to 100 nm (99,99% Aldrich Chemical) to assure the optimal incorporation in polymer fibers having micrometric diameter; (ii) capability to preserve considerable magnetic moment; (iii) interesting elastomagnetic response when dispersed in a polymer matrix as just reported in previous works [39, 45, 46] . These requirements are not mandatory for improving biocompatibility [47] or peculiar mechanical properties, but are really important to optimize elastomagnetic response and fiber morphology, preserving magnetization response also in comparison to iron oxides [48] . The MFNs were fabricated by using a commercially available electrospinning setup (Nanon01, MECC, Japan). At first, Corethane, (15% w/v) was dissolved into a THF/DMF (7:3) until forming a homogeneous solution. Then, Ni nanoparticles -initially 15% v/vwere handily mixed to the PCU solution -ca. 20 minutes -until obtaining a homogeneous viscous solution with uniform dark aspect. The solution was placed in a 5 mL plastic syringe connected to an 18 Gauge needle. At the first stage, the electrospun fibers were randomly collected over a grounded aluminium sheet and the process parameters (voltage, flow rate and needle-to-collector gap) were optimized to obtain flat membranes. The filling particles percentage in the solution injected in the electrospinning syringe was progressively increased until the limit of particle/polymer solution mixing without evident precipitation: this condition was reached at 30% (v/v), not overcoming the percolation threshold of the particles in the solution itself. This condition was mandatory to maximize magnetic charge in the deposited fibers while enabling the rotation of the particles under the action of external magnetizing fields. Then, tube shaped samples were developed by collecting fibers onto a stainless steel mandrel -3.0 mm in diameter -under controlled rotation. In this case, a constant rate of 50 rpm was used. The rod was preventively wrapped by an aluminium foil in order to facilitate the extraction procedure once the fibrous tube was formed. The electrospinning process was carried out in a vertical configuration, at 25°C and 50% relative humidity, and the deposition time was fixed to 30 minutes to obtain the required thickness to assure an easy removal of the membranes from the rod ( Figure 1a ). Different parameters were investigated to optimize the fiber final morphology (see discussion in section 3.1). After a preliminary screening of process conditions, optimal devices were fabricated by setting a 10 cm gap, a voltage of 18 kV and a flow rate of 1 mL/h, by collecting fibers for about 30 minutes. Moreover, two thin layers of polymer fibers -i.e., without magnetic particles -were collected for 6 minutes, under equal processing conditions, before and after the deposition of the MFN layer, in order to form a sandwich structure able to better confine magnetic filling particles. Thus, magnetic filler is protected by oxidation phenomena ascribable to the direct contact with external environment and, at the same time, any undesired particle extraction under the effect of a magnetic field gradient is prevented.
Morphological analysis
Qualitative evaluation of the elastomagnetic fibers morphology was performed by field emission scanning electron microscopy (FESEM, QUANTA200, FEI, The Netherlands). Samples were dried in the fume hood for 24 h in order to remove any residual solvent, mounted on metal stubs and sputter-coated with gold-palladium for about 20 s in order to get a 19 nm thick conductive layer. SEM images were taken under high vacuum conditions (10 -7 torr) at 10 kV, using the secondary electron detector (SED). On selected SEM images, the fiber diameter distribution, the mean total porous area and the % porosity were determined by using image analysis freeware (NIH ImageJ 1.37). Transmission Electron Microscopy was mainly performed to evaluate the spatial distribution of metal nanoparticles along the fibers. Bright Field TEM analysis was performed by a FEI TECNAI G12 Spirit-Twin microscope (LaB6 source), working at 120 kV acceleration voltage and equipped with a FEI Eagle 4k CCD camera (Eindhoven, The Netherlands). Samples were obtained by collecting fibers via electrospinning just for 60 seconds onto a carbon coated copper grid, in order to obtain few layers of fibers to be easily cross by transmitted light.
Magneto-elastic response and characterization
The as-produced MFN tubes (MFNTs) were preventively tested by standard tensile tests under small relative deformations -i.e., into a range from 10 -4 to 10 -3 . An average Young Modulus equal to 0.9 MPa and corresponding Poisson ratio of 0.48 has been obtained. Preliminary Vibrating Sample Magnetometry analysis was also performed to take evidence of basic magnetic properties of PCU nanofibers filled with Ni nanoparticles. When compared to the pure Ni nanoparticle powders, the nanofibers tubular sample, produced by a solution containing 30% of Ni filling particles, presents an 83% decrement of saturation magnetization (from 0.77·10 6 down to 0.13·10 6 A/m). Increments of saturation and coercive fields (from 0.22·10 6 up to 0.43·10 6 A/m, and from 0.09·10 6 up to 0.15·10 6 A/m, respectively), as well as remnant magnetization (35% about), were observed. The reduction of saturation magnetization is higher than the expected 70%. This is clearly due to presence of free volume among the deposited nanofibers (that should be the difference 83 -70 = 13%). On the other side, the increment of coercive field and remanence are justified by the deformation of the fiber which accompanies the magnetization process. In the demagnetized status the Ni particles incorporated in the nanofibers are randomly oriented, but, if a magnetizing field H is applied along the axis of a nanofibers structure, the particles magnetic moment is induced to rotate towards the magnetizing field axis, as well as the particles if they have a shape anisotropy [49] . At the same time, also the polar attraction among the magnetized particles tries to align them parallel to the magnetizing field axis. These effects into a solid matrix are totally inhibited by the mechanical reaction, but in the case of polymeric fibers that are easily deformable, a local rotation with a fiber aligning towards the tube axis is expected until the elastic reaction torque equilibrates the magnetic one [45] . Generally, any particle has a slight rotation, thus producing an elongation of the sample, namely a direct elastomagnetic effect [50] . In the case under investigation, the Ni particles form clusters into the fiber (average cluster width smaller than fiber diameter but length of about 5-6 particle diameter; see section 3.1 and Figure 5d . This means that the particle cluster acts as a single magnetic domain with anisotropic shape and preferential magnetization axis parallel to the fiber axis. Moreover, the fiber aligning towards an external longitudinal magnetizing field is also favored by the presence of free volume among the fibers. A qualitative exemplification of a longitudinal magnetization effect in fibers charged by magnetic clusters is shown in Figure 1b : fibers have a random curvature in the absence of a magnetizing field, but, when a magnetic field H is applied, they soften their curvature, following the rotation of the clusters to align themselves with H axis; as result the fibers assume a longer relative length (l' > l). For all the above reasons, the elongation due to longitudinal magnetization should be enhanced by the peculiar morphology of the produced MFN tubes, proposing them as good candidate as strain actuators [51, 52] . To demonstrate and evaluate the longitudinal strain produced by an external magnetic field on tube shaped samples the experimental apparatus shown in Figure 2a was built up. The MFNT with inner diameter of 3.0 mm, thickness of 0.5 and 30.0 mm in length, is placed in vertical, locked by means of silicone glue from the bottom side and connected on the opposite side, by means of a silk thread (W), to a magnetic resonator sensor (MR); MR measures the variations of transduced stress through the wire by means of the variations in amplitude (A) of resonant magnetoelastic waves in a sensor core constituted by an amorphous ferromagnetic ribbon; this waves amplitude is detected by a signal analyzer through a pick up coil (PC); the other coil, C, is coaxial to the Figure 2 . a) Scheme of the experimental set up used to detect a longitudinal strain induced in a MFNT by a magnetizing field; the apparatus components are described in the course of the manuscript. b) Calibration curve of the magnetoelastic resonator. A is the detected amplitude of magnetoelastic resonant waves; ∆l is the P point shift upward. The experimental points with errors are obtained by set of reiterated measurements.
sample and is power supplied by a current generator G. This generator can produce in coil C a constant or pulsed current at a frequency ν so that, by direct elastomagnetic effect a static strain, or pulsed one at the frequency ν is expected The working principle and detection methodology of a MR was accurately described in previous papers [53] [54] [55] . Any longitudinal strain of the sample gives a displacement of its contact point (P) with the wire (W) (Figure 2a) . In order to evaluate the P displacement (namely, strain component) by means of the direct measure of the magnetoelastic wave amplitude, A, the calibration curve shown in Figure 2b was preventively performed. Since the wire is pre-elongated in the starting conditions, this configuration was accurately reproduced. Then the A value was monitored by producing in the P point a vertical displacement upwards, with a precision of ±10 microns, using a precision micrometric screw.
3. Results and discussion 3.1. Nanofibers and tube morphology PCU electrospun fibers have been investigated by SEM in order to identify the best process parameters to improve fiber spatial distribution, also minimizing the presence of defects (i.e., beads) ( Figures 3 and 4) . Figure 3 briefly shows a comparison of fibrous systems obtained by applying different flow rates during the electrospinning process. It has been verified that the use of higher flow rates conditions (2 mL/h) tends to increase the presence of defects along fibers so promoting the formation of a wider distribution of fiber diameters. Contrariwise, lower flow rates (1 mL/h) promote the formation of more uniformly distributed fibers without beads and defects. Figure 4 shows SEM images of PCU fibers obtained for three different voltage-to-gap (VG) ratios -not only voltage -taking in consideration the contribution of critical needle/collector distance to promote the effective interaction of electrostatic forces with polymer chains, mainly in the case of viscous solutions. When the VG ratio increases from 1.25 kV/cm to 1.5 kV/cm, fiber diameter slightly decreases as confirmed by the left shift of average fiber diameter distribution. This is mainly ascribable to the conventional effect of increasing voltage -from 11 to 15 kV -able to promote a higher stretching of polymer chains by forcing solvents to a more fast evaporation in agreement with previous studies on polymer nanofibers and tubes [56] [57] [58] [59] . However, this effect is also due to the reduction of needle/collector distance from 10 to 8 cm -strictly required to reach the voltage threshold to break the polymer jet into fibers. A further increase of VG -up to 1.8 kV/cm -do not even reduce fiber size, but promoting a broader distribution of average fiber diameters, as a consequence of a predominant effect of instability phenomena occurring during the deposition process. Therefore, the best conditions to fabricate nanofibers have been identified as: flow rate (1 mL/h), Voltage (18 kV); needle/collector gap (10 cm). Fixed these parameters values, MFN elasto-magnetic tubes have been designed starting from PCU/MNPs mixture by modifying the electrospinning configuration through the introduction of rotating mandrel as collector. Figure 5 summarizes the morphological information collected on the prototypes. The presence of magnetic MNPs is clearly remarked just at the macroscale, by comparing different sample staining (grey instead of white - Figure 5a ). Cross section images reported in Figure 5b allows investigating tubular shape aspect of samples characterized by a homogeneous distribution of wall thickness with average value of 450±73 µm. By exploring the surface at the micrometric size scale (Figure 5c ), it is possible to recognize a random fiber mat with average fiber diameter of 1.82±0.43 µm. In comparison with unloaded fibers with average diameter of 1.68±0.51 µm, MNPs do not significantly influence the morphology of fibers. This may be also explained by their peculiar spatial distribution into the fibers (Figure 5d ) and their average size, ca. one order of magnitude lower than that of fiber diameters (Figure 5e ). However, MNPs tend to form small aggregates (Figure 5d ) composed of ca. 10 units, not homogeneously distributed along the fiber body. As a consequence, they work as sub-micrometric particle clusters which do not show direct contacts but are embedded into the polymer matrix, so exerting, effectively, the expected elastomagnetic properties, predicted in section 2.3 and confirmed by the experimental data reported in the following section.
Direct elastomagnetic effect
Despite the non-homogeneous distribution of MNPs, it is significant that when MFNT, peeled off from the mandrel substrate, is under the action of a transversal magnetic field gradient, it exhibits a considerable stretching of the fibers, accompanied by reversible flexural (longitudinal and transversal) strains. The effect is qualitatively described in Figure 6 where a fibrous tube is evidently bent under the action of permanent magnets. The bending mechanism is similar to that described in the discussion related to Figure 1b. In effect, the formation of particles clusters with an enhanced magnetic moment determines their aligning along the magnetic field lines: the particle clusters displace and rotate producing the fibers (and tube) deflection. In particular, the free extreme displacement in Figure 6 is around 2 cm. (2) but ν = 1000 Hz; (5) same pulsed field as in case (3) but without any elastomagnetic tube into the coil. By means of the calibration curve in Figure 2b it is also possible to deduce from the A values the corresponding ∆l values (vertical scale on the right in Figure 7 ), namely the displacement of extreme P of the tube, under the different magnetization condition. Figure 6 . Strain response of MFNTs in presence of a magnetic field gradient generated by a permanent magnet. When the gradient of the external magnetizing field is increased by decreasing the magnet distance, the MFNT is clearly deflected and strained as consequence of the direct elastomagnetic effect. a) slight deflection due to the magnet, shown in the figure, placed at a distance of 32 mm from the tube axis; b) large deflection obtained by decreasing the distance to 28 mm Figure 7 . Behaviour of magnetoelastic waves amplitude detected by MR versus the adopted experimental condition as listed in Table 1 . The following deductions can be obtained: (i) the application of a static H field induces the MFNT elongation because the A amplitude increases due to tension decrease into the silk wire (step from (0) to (1) -P shift upward); (ii) the application of a pulsed magnetic field gives a periodic elongation of the MFNT that at low frequency is comparable with static deformation, but decreases slightly with increasing frequency (decrease of A going from (2) towards (4)); (iii) the A variation is not due to direct induction effect of the magnetic field on the MR (compare (*) and (5) -the sensor is well shielded from external magnetic field); (iv) the initial pre-tensile displacement is about 180 μm. Definitely, the expected direct elastomagnetic effect is verified. By comparison with the calibration curve a static sample elongation of about 130±10 μm is deduced as effect of H magnetization, which considering the tube length means a longitudinal strain component ε~ 4·10 -3 . This result deserves interest not only from the scientific point of view because it demonstrates (and measures) the presence of direct elastomagnetic longitudinal deformation, but also for the relevance in applications when it is required not only a simple deflection but an effective longitudinal (and related transversal) strain of tubular device. In effect, together longitudinal strain of 4·10 -3 , standing the measured Poisson ratio, it has also a transversal strain (relative change of radius) of about 2·10 -3 . Such a transversal strain, accompanying tube longitudinal oscillation, can be very useful in biomedical field, for example, when the contents of the tube need to be pressurized in order of a better drain. On the contrary, we still have to work on electrical and energy transduction capabilities, to be able to contemplate applications in the field of artificial intelligence or robotics [60, 61] for MFNTs here investigated.
Conclusions
It has been developed the electrospinning fabrication of PCU fibers incorporating clusters of magnetic nanoparticles up to ca. 30% in volume fraction, however preventing the direct contact among magnetic clusters. Then, these MFNs have been assembled in tube shaped samples by the use of tailored electrospinning set up. It has been shown that MFNTs exhibit a macroscopic deflection when submitted to a transversal magnetic field. Quantitative experimental results have demonstrated that both static and dynamic elongation may be induced by means of static or dynamic longitudinal magnetization. A noticeable elastomagnetic strain component -about 4·10 -3 -has been recorded, taking into account the moderate value of the used exciting magnetizing field (H = 1.4·10 4 A/m). The produced MNFTs have both inside and outside a layer of polymeric fibers that prevents the contact of the particles incorporated in the core with the external environment. All these features prospect the possibility to use innovative MFN agglomerations for the fabrication of stents, cardiac patches or artificial nerve guides, able to be deformed under the application of a controlled external magnetic field. In particular, similar devices could be used for vibration therapy or to fabricate prosthesis tubes, able to have strain or/and oscillation to remove undesirable agents, i.e. kidney stones in a urethral duct or a thrombotic clots in blood vessels.
